Summary To examine whether cytoplasmic rRNA are present at high density in the cytoplasm of generative and sperm cells (generative/sperm cells) in pollen grains of various plant species, in situ hybridization of 18S/25S rRNA was performed in thin sections of samples embedded in Technovit 7100 resin. The five plant species studied were Lilium longiflorum, Pharbitis nil, Silene latifolia, Pelargonium zonale and Plumbago auriculata. The timing and mode of pollen mitosis II (PM II) and the distribution of organelle nucleoids in generative/sperm cells differ in these species. In situ hybridization revealed that the density of rRNA was the same as or higher in generative/sperm cells than in vegetative cells, suggesting that the presence of rRNA in the generative/sperm cells at high density may be a general characteristic of mature pollen grains of various plant species. Key words Generative cell, In situ hybridization, Pollen, rRNA, Sperm cell, Vegetative cell
In angiosperm pollen development, the asymmetric mitotic division of the haploid microspore (pollen mitosis one; PMI) results in the formation of two dimorphic cells, the vegetative cell and the generative cell, with very different fates (see reviews, Horvitz and Herskowitz 1992 , Bedinger 1992 , McCormick 1993 , Tanaka 1997 . The smaller generative cell produces two sperm cells (male gametes) after pollen mitosis two (PM II), whereas the larger vegetative cell, which constitutes the bulk of the pollen grain, produces an elongated pollen tube (a gametophytic cell) to deliver the male gametes to the embryo sac. The generative and sperm cells (generative/sperm cells) are entirely enclosed within the vegetative cell. The generative/sperm cells have very little cytoplasm, sparse nuclear pores (LaFountain Jr. and LaFountain 1973, Wagner et al. 1990 ) and condensed nuclear chromatin (Terasaka and Tanaka 1974 , Twell et al. 1993 , Saito et al. 1997 ). These characteristics suggest that the generative/sperm cells have lower transcriptional activity.
In a previous study, we demonstrated that the generative cells in pollen grains of Nicotiana tabacum contained certain amount of RNA, including rRNA, in their cytoplasm, although they had highly-condensed nuclear chromatin (Saito et al. 1997 (Saito et al. , 1998 . In N tabacum, however, the amount of cytoplasm in a generative cell is quite small, which made it difficult to demonstrate visually the difference in the density of rRNA between the generative cell and the vegetative cell in N tabacum pollen. Then we demonstrated it separately by quantifying the density of rRNA in the generative and vegetative cells by microphotometry. To solve this difficulty, and to examine if rRNA are generally found at high density in the generative/sperm cells of various plant species.
The five plant species chosen for this study were Lilium longiglorum, Pharbitis nil, Silene latifolia, Pelargonium zonale and Plumbago auriculata. The timing and mode of PM II differ in these species. The mature pollen of L. longiflorum and P. nil is bicellular and the generative cell divides into two sperm cells after germination of the pollen tube, as in N tabacum. However, the generative cells of L. longorum and P nil have relatively more cytoplasm than N tabacum, so that observation is easier. In contrast, the mature pollen of S. latifolia, P zonale and P auriculata is tricellular . In these plants, PM II occurs in the pollen grains before pollen tube germination. PM II is apparently symmetric in S. latifolia and P zonale, while an asymmetric distribution of plastids and mitochondria occurs at PM II in P auriculata. Because of the asymmetric distribution, one of the sperm cells in a mature pollen grain of P auriculata contains most of the plastids, while the other contains most of the mitochondria (Saito et al. manuscript in preparation) . This has also been reported in Plumbago zeylanica (Russell 1984 , Sodmergen et al. 1995 , Russell et al. 1996 . Angiosperms have been classified into two types, according to the behavior of the organelle nucleoids (or DNA) in the generative/sperm cells during the formation of pollen grains. This categorizing corresponds well to the classification based on the pattern of cytoplasmic inheritance (Kuroiwa 1991 , Mogensen 1996 . One type is characterized by the disappearance of organelle nucleoids in the generative/sperm cells, while the other is characterized by the presence of organelle nucleoids in generative/sperm cells. The first type shows maternal inheritance of the organelles, while the second shows biparental or paternal inheritance. The five species studied include both types. N tabacum, L. longiflorurn and S. latifolia are classified in the first group, whereas P nil, P zonale and P auriculata are classified in the second.
In this study, in situ hybridization of cytoplasmic 18S/25S rRNA was performed in the pollen grains of five angiosperm species. The results demonstrated that the density of rRNA in the generative/sperm cells was similar or higher than that in the vegetative cells, irrespective of the differences in the timing and the mode of PM II and the behavior of the organelle nucleoids in generative/sperm cells. (Gottlieb and Glaser 1975) and air-dried .
In situ hybridization
In situ hybridization using digoxygenin (DIG)-labeled RNA probes was performed as described previously (Fujie et al. 1995 
Results
Characterization of pollen type Images of mature pollen grains of Lilium longiflorum, Pharbitis nil, Silene latifolia, Pelargonium zonale and Plumbago auriculata examined by DAPI-fluorescence microscopy using the squash method are shown in Fig. 1 . The mature pollen of L. longiflorum (Fig. 1A , B) and P nil (Fig. 1C, D) were bicellular, indicating that PM II was not yet complete in the mature pollen grain. In the mature pollen of L. longiflorum, DAPI-fluorescent spots were not observed in the vicinity of the generative nucleus ( Fig. 1 B) , indicating the absence of organelle nucleoids in the generative cell. In the mature pollen of P nil, DAPI-fluorescent spots were observed in the generative cell (Fig. 1D) , indicating the presence of organelle nucleoids. The mature pollen of S. latifolia (Fig. 1E, F) , P zonale (Fig.  1G , H) and P auriculata (Fig. 1I, J) was tricellular, indicating that PM II had already finished. In S. latifolia, DAPI-fluorescent spots were not observed in the vicinity of the sperm nucleus (Fig. 1F) . In contrast, in P zonale, many organelle nucleoids were observed in the cytoplasm of both sperm cells as tiny fluorescent spots (Fig. 1H) . Two types of organelle nucleoids were distinguished in the mature sperm cells of P auriculata pollen (Fig. 1J) ; the DAPI fluorescence of one type was stronger than that of the other. These nucleoids were identified as plastid-nucleoids and mitochondrial-nucleoids, respectively (Saito et al. manuscript in preparation) .
Accumulation of rRNA in the generative cells of mature pollen grains of L. longiflorum and P nil
To compare the density of cytoplasmic rRNA in the generative and vegetative cells, in situ hybridization for 18S/25S rRNA was performed in L. longiflorum and P nil. Fig. 2 shows sections of a mature pollen grain hybridized with antisense probes for rRNA genes. DAPI fluorescence microscopy revealed the absence of organelle nucleoids in the generative cell of L. longiflorum ( Fig.  2A) , while some organelle nucleoids in the generative cell of P nil (Fig. 2C) . In both plant species, hybridization signals for rRNA were more intense in the generative cell than in the vegetative cell (Fig. 2B, D) , indicating that there was more rRNA in the generative cells of the mature bicellular pollen of L. longiflorum and P nil.
Presence of rRNA in the sperm cells of mature pollen grains of S. latifolia, P zonale and P auriculata
To determine whether rRNA remained at high density in the sperm cells after PM II, in situ hybridization was also performed in the mature tricellular pollen of S. lutifolia, P zonale and P auriculata. Fig. 3 shows sections of mature pollen grains hybridized with antisense probes for rRNA genes. No organelle nucleoids were present in the sperm cells of S. latifolia (Fig. 3A) , while organelle nucleoids were observed in the sperm cells of P zonale (Fig. 3C ) and P auriculata (Fig.  3E) . In all three plant species, the rRNA hybridization signals in the sperm cells were at least as intense as those in the cytoplasm of the vegetative cells (Fig. 3B, D, F) , indicating that the density rRNA in the sperm cells was the same or more than in the vegetative cells in mature tricellular pollen of S. latifolia, P zonale and P auriculata.
Discussion
In a previous study, we reported that the amount of rRNA in the generative cell is as high as that in the vegetative cell in mature pollen of Nicotiana tabacum (Saito et al. 1998) . In the present study, similar results were also obtained for five plant species, Lilium longiflorum, Pharbitis nil, Silene latifolia, Pelargonium zonale and Plumbago auriculata. Moreover, in three of these species (L. longiforurn, P nil and P zonale), there was significantly dense rRNA in the generative/sperm cells than in the vegetative cell. The presence of rRNA at high density in generative/sperm cells suggests that these cells have the potential for gene expression and this seems to be a general characteristic of pollen grains in plants.
Why are there different densities of rRNA in vegetative and generative/sperm cells? Changes in the cell volume may affect the density of rRNA. The volume of the vegetative cell increases during pollen maturation after PM I, whereas that of the generative cell does not. The very rapid increase in vegetative cell volume may dilute the density of rRNA. However, the continuous synthesis of rRNA in generative/sperm cells may also contribute to the differences in the density of rRNA in the two types of cells. The presence of small but conspicuous nucleoli in generative cells during the maturation of tobacco pollen (Saito et al. 1997 ) supports this hypothesis. Ultimately, successive examination of the volume and rRNA density of the generative/sperm cells during pollen development will be necessary to determine whether rRNA is synthesized in the generative/sperm cells. The presence of a high density of rRNA (and ribosomes) implies that generative/sperm cells have the potential for gene expression. It has been reported that in germinating pollen tubes generative/sperm cells incorporate labeled precursors for the synthesis of RNA and protein (Reynolds and Raghavan 1982 , Haskell and Rogers 1985 , Mascarenhas et al. 1969 , which is in agreement with our hypothesis. However, we presently do not know what gene products are synthesized on the ribo- On the other hand, rRNA was present at high density in the generative/sperm cells irrespective of the presence or absence of organelle nucleoids in the cells. This also indicates that rRNA in these does not exist just for the degradation or preservation of organelle nucleoids, which has been considered a key step to determining the pattern of organelle inheritance (Kuroiwa 1991 , Mogensen 1996 . These results indicate that ribosomes accumulating in the cytoplasm of generative/sperm cells may be involved in housekeeping events, which may occur after PM II. Alternatively, various post-PM II events, such as the movement of generative/sperm cells in the pollen tube or the process of fertilization, may require a large number of ribosomes in sperm cells. This possibility should be examined by observing changes in the density of rRNA in the generative/sperm cells after pollen tube germination.
At present, no genes expressed specifically in generative/sperm cells have been isolated (Tanaka 1997) , although the generative cell-specific proteins from L. longiflorum (Ueda et al. 1994 (Ueda et al. , 1995 are the most probable candidate products of genes expressed specifically in generative/sperm cells. The occurrence of transcription in the generative/sperm cell nucleus (Haskell and Rogers 1985, Reynolds and Raghavan 1982) and the presence of ribosomes at a high density in the cytoplasm of generative/sperm cells indicate that the potential for gene expression is preserved in generative/sperm cells. However, this does not necessarily imply the presence of generative/sperm cellspecific gene expression. Nonetheless, our results support the hypothesis that generative/sperm cellspecific gene expression is possible, and this is worth exploring.
